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Abstract 
The objective of this study was to construct a finite element (FE) model which can accurately simulate the behaviours of a shaft 
during a 2D swing, and that of the impact between a golf ball and a simplified club. The club was constructed from a simplified 
clubhead, a locking ring and a steel shaft. The material models of the club and ball were expressed as linear elasticity and 
hyperelasticity/viscoelasticity, respectively. An experiment was also conducted to confirm the accuracy of the model. The 
simulation results generally matched the experimental results. It was important to represent the higher fidelity of the input 
conditions for the FE analysis in addition to that of the geometry and material properties of the model. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
The development of golf equipment has been becoming closely involved with regulations, and in particular, the 
upper limits for the coefficient of restitution, volume and moment of inertia for driver heads included in the current 
rules, which have greatly affected strategies of club development. Due to the initiation of regulations, the following 
direction has been becoming increasingly important for golf club manufacturers to create high-performance clubs 
which meet the current rules. The development of clubs has so far focused on the launch conditions of a ball after 
impact, most notably the launch angle and spin rate, as well as its launch velocity. The initial launch conditions need 
to be improved, not only in the clubhead, which applies various restrictions, but by altering the performance of the 
club including the club's shaft as well. Also, it is required to develop the club by considering not only the behaviours 
of the ball during/after the impact, but also the behaviour of the shaft during the swing. With a change in the target 
of the club development, computer simulation models, which can allow for precise estimation of the behaviours of 
the club and ball from swing to impact, are in demand for aiding in the designing of high-performance clubs. 
Researchers have previously attempted to evaluate the club during the swing both experimentally and 
computationally. With reference to researches using calculation models for the swing, for example, MacKenzie & 
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Sprigings [1] investigated the effect of the shaft stiffness on the clubhead orientation at impact using their 3D 
forward dynamics model, whereas Suzuki et al. [2] conducted a swing simulation using a finite element (FE) model 
of the club. These previous studies did not sufficiently investigate the golf impact due to the research's focus on the 
swing problem. In addition, the duration time of the golf impact (about 0.5 ms) is much shorter than that of 
downswing. The significant difference in the time of each phase also makes it difficult to construct a model which 
can simultaneously investigate the golf swing and impact.  
The objective of this study is to construct an FE model which can accurately simulate the behaviours of the shaft 
during a 2D swing, and that of the impact between a golf ball and a simplified club. The shaft behaviour during a 
typical golf swing is a 3D motion which has lead/lag and toe-up/toe-down deflections of the shaft, and modelling the 
3D swing would be ideal. However, considering that it would be difficult to simultaneously measure the 3D 
behaviours of the shaft during the swing and the ball at impact with satisfactory accuracy, and as much 
computational time would be necessary to calculate the 3D swing, it is believed to be highly possible that modelling 
a 3D swing from the beginning would be too difficult to obtain adequate results for the evaluation of clubs. 
Therefore, in this study, the experimental and FE analysis were conducted under the condition of a simplified swing, 
that is, a 2D swing. 
2. Impact experiment between the golf ball and simplified club with an apparatus for 2D swing 
An experiment was conducted in order to produce a 2D swing motion and a typical impact between the ball and 
club, and was also used to confirm the accuracy of the simulation model by comparing the results of the experiment 
to that from the FE analysis (FEA).  
2.1. Specification of the simplified club 
The club was constructed by holding the simplified clubhead in a locking ring fitted onto a steel shaft. The 
clubhead, which was simplified in shape, was manufactured with clearly defined mechanical properties, as shown in 
Fig. 1(a). The simplified clubhead was designed with reference to the mass, volume and position of the centre of 
gravity (CoG) of commercially available number 1 wood clubheads, so as to allow for the creation of typical golf 
impacts. The circular, hollow, titanium alloy body, with a loft angle of 10 degrees, was manufactured. The mass and 
volume of the clubhead were 217 g and 316 cm3, respectively. A steel (Ni-Cr-Mo-steel) shaft was used, as its 
mechanical properties could be measured experimentally and determined precisely for the construction of the shaft 
model. The length and mass of the shaft were 1000 mm and 93.4 g, respectively. A locking ring, to which the hosel 
was mounted by welding, was made of the same titanium alloy as that of the clubhead (Fig. 1(b) and (c)). In this 
study, the shaft was located on the crown of the impact face (Fig. 1(b)), and the lie angle was 90 degrees (Fig. 1(c)). 
2.2. Design and manufacture of an apparatus for 2D swing
An experimental apparatus, in which clubs were swung in a circular motion and collided with the ball, was 
designed and manufactured, so that the behaviours of the club during swing and a typical golf impact would be 
realised, as shown in Fig. 2. The apparatus transferred the input energy for the swing to the bearing using coil 
Fig. 1. (a) Cross-section of an experimental clubhead; (b) Side view of the locking ring; (c) Front view of the locking ring 
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springs that were fitted on the horizontal shaft. The springs were given a twist in the starting position of downswing. 
The club, which was mounted on a chuck secured to the bearing, was accelerated by releasing the twisted springs 
and was swung in a circular motion on a plane perpendicular to the horizon by the rotation of the bearing around the 
fixed horizontal axis. The velocity and orientation of the clubhead at impact was varied with different specimens of 
springs and twist amounts of the coil springs. The 3D motion, which has lead/lag and toe-up/toe-down deflections of 
the shaft during the swing, could not accurately be recreated in the apparatus. However, the simple mechanism and 
2D motion in the apparatus allowed for accurate and simultaneous measurement of the behaviours of the shaft 
during the downswing and the ball at impact, and as a result, the data, which was required for the construction of the 
simulation models and for the accuracy validation of the model, was able to be acquired. 
2.3. Measurement of the behaviours of the shaft and ball
The experiment was conducted to simultaneously measure the behavious of the club and ball during the swing 
and impact, and also the motion of the shaft grip. The behaviour of the shaft during the downswing was recorded 
using a high-speed video camera (1000 fps). The positional coordinates of 5 markers, which were attached to the 
club shaft (Fig. 2), were determined from photographs recorded by the camera, and trajectories of each marker were 
traced. The behaviours of the clubhead and ball before and after the impact were also recorded using another camera 
(20000 fps). The velocity (Vin) and angle (α) of the clubhead at impact, and the velocity (Vout), angle (β) and spin 
rate (ω) of the ball after impact were ascertained from the photographs taken by the second camera, as shown in Fig. 
3. The angles of the impact and launch were defined as the angles between the y axis and the impact face, and 
between the x axis and the direction of the ball flight, respectively. 
An angular velocity of the shaft grip during the downswing was measured using a circular plate with slits and a 
laser light, in order to acquire the input data for the swing simulation. The velocity of the grip was obtained from 
monitoring the reflected light from the slit plate, which was fixed on the side of the bearing and was vertically-
irradiated with the laser light (Fig. 2).  
Fig. 2. Apparatus for the 2D swing; (a) front view; (b) side view 
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Fig. 3. Impact behaviours of the clubhead and ball as ascertained from the high-speed video camera 
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3. FE analyses of the ball colliding with the club during the 2D swing 
3.1. FE models of the golf ball and  the simplified club
The models of the ball and club were used as half models in the FEAs of this study, with planes symmetry 
applied, in order to reduce the computational time, as shown in Fig. 4. 
The FE model of a 3-piece ball, which consisted of an outer cover, a mantle layer and a core, was constructed 
from 8-node solid elements, as shown in Fig. 4(b). The material model of the cover was expressed as a hyperelastic 
model, whereas the material models of the mantle and core were expressed as viscoelastic models with 
hyperelasticity [3]. In this study, the Mooney-Rivlin model was used for the hyperelastic materials, and the three-
element model was used for the viscoelastic materials [4]. 
The FE model of the club, which consisted of the clubhead, the locking ring and the shaft, was constructed with 
linear elasticity (Fig. 4). The models of the clubhead and ring were composed of 8-node solid elements, and their 
material properties, Young's modulus, Poisson's ratio and density, were 115 GPa, 0.30 and 4500 kg/m3, respectively.  
The shaft model was composed of 4-node shell elements, and the same material properties for the shaft model 
with linear elasticity were 210 GPa, 0.30 and 7900 kg/m3, respectively. The model was constructed by connecting 
circular parts of different diameters together to allow for the taper shape of the golf shaft. An inadequate modelling 
of step sections for the shaft would potentially influence the accuracy of the FE model of the shaft, and lead to less-
accurate simulation results, such as deflection of the shaft during the swing and clubhead orientation at impact. To 
confirm the accuracy of the shaft model, a vibration test was conducted using an impulse hammer, and the model 
was validated by comparing the results of the FEA to those from the experiment. The tip side of the shaft, at which 
the grip was secured in a vise, was hit with the hammer, and the strain responses of the shaft were measured using 
strain gauges affixed to it. The FEA for the strain response was conducted with the shaft model under the same 
conditions as those in the experiment. Fig. 5 shows the results of the strain responses for shaft for both the 
experiment and the FEA. In Fig. 5, 200 and 900 mm represent the distance from the shaft tip to the measurement 
points for stain responses. The simulation results for both measurement points agree with the experimental results. 
These results indicate that the constructed shaft model is able to accurately express both the geometry and the 
dynamic behaviour of the shaft. 
3.2. Construction of the swing and impact simulation model 
Swing simulations were carried out using the constructed FE models by inputting angular velocity histories of the 
grip, which were obtained from the experiment, into the grip of the club model. The commercial FE code LS-DYNA 
was used for the simulations. Fig. 6 shows the experimental results of the angular velocity histories of the grip for 2 
different types of swings (Swings A & B). Swings A & B differed in the angle from the point of impact with the ball, 
which was located at the lowest point of the circle, to the starting position for the downswing. Swings A & B started 
to swing from the position angles of 90 and 180 degrees, respectively. In the simulations, the motion of the grip was 
Fig. 4. Constructed FE model; (a) Simplified club (overall view); (b) Clubhead and ball with ring and shaft tip 
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only allowed for the rotation degree of freedom for the rotation on the fixed axis parallel to the horizon, so as to 
enable the same conditions as in the experiment. In addition, friction between the ball and the impact face of the 
clubhead was expressed as Coulomb friction, and the friction coefficient was found to be 0.3 [3]. 
3.3. Validation of the accuracy of the simulation model 
The behaviours of the shaft during the swing, the clubhead before the impact, and the ball at impact were 
obtained from the simulations, and the results of the FEA were compared with those from the experiment to confirm 
the accuracy of the simulation model. Fig. 7 shows the results for the trajectories of the markers on the shaft during 
the downswing, for both the experiment and the FEA, for Swings A & B. Legends from a to e in Fig. 7, represent 
the points corresponding to the IDs of the markers on the shaft as shown in Fig. 2. The origin in the figures represent 
the position of the fixed rotation axis. Coordinates (-1000, 0) for Swing A and (0, 1000) for Swing B represent the 
position of the shaft tip at the start of the downswing, and the trajectories of the markers are drawn from the starting 
position of swing to coordinate (0, -1000), that is, the point of impact with the ball. The simulation results closely 
match the experimental results for both types of swings. These results indicate that the constructed FE model of the 
club, particularly of the shaft, is able to accurately express the behaviour of a shaft during a 2D downswing. 
Table 1 shows the results for the impact conditions of the clubhead (Vin and α) and ball launch conditions (Vout, β
and ω), for both the experiment and the FEA. The simulation results for the impact conditions, Vin and α, tend to be 
roughly in accordance with the experimental results, with the exception of α for Swing B. Although the difference 
between the results of the experiment and the FEA for β of Swing B tends to be large, as well as α for Swing B, the 
simulation results for the launch conditions of the ball, Vout, β (except for Swing B) and ω also tend to generally 
match the experimental results. α represents the orientation of the clubhead at impact and β depends strongly on α. 
Therefore, low accuracy of the simulation results for the angles means that the clubhead orientation at impact cannot 
be sufficiently estimated using the constructed model. The inadequate results are thought to be attributed to the 
models of the shaft and hosel, which are thought to affect the clubhead orientation during the swing. The hosel 
model of these factors has a greater influence on the results of the orientation of the clubhead than the shaft model, 
because the accuracy of the shaft model has been confirmed by the result of the shaft behaviours (Fig. 7). In addition, 
Fig. 5. Experiment and FEA results for the strain responses of the shaft 
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Fig. 6. Experimental results for the angular velocity histories of the shaft grip 
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the distance from the start of the downswing to the impact with the ball for Swing B is longer than that for Swing A, 
and the calculation error for the clubhead orientation, which is caused by the hosel model, is assumed to increase 
with the distance of swing trajectory. As a result, this also leads to reducing the accuracy of the simulation results at 
the impact for the clubhead orientation, that is, lower accurate results of the angles for Swing B than Swing A. 
The results indicate that the constructed simulation model can express behaviours of the club and ball from swing 
to impact with high accuracy, although the constructed model leaves room for minor improvements in the hosel part. 
Also, it is believed that an adequacy of condition settings for the motion and constraint of the grip, in addition to a 
higher fidelity of geometry and material properties for the FE models, contributes to the simulation results. A 
process for constructing a simulation model has the potential application for the evaluation of characteristics for a 
club in the case of a swing, which is relatively-easy to obtain and represent the motion and constraint of shaft grip, 
such as a robot golf swing. 
4. Conclusions 
An FE model, which can simulate the behaviour of a shaft during a 2D swing and that of impact, was constructed. 
The simulation results for the impact generally agreed with the experimental results. Improvements of the hosel 
model are assumed to be necessary to more accurately estimate the angles of the impact of the clubhead and launch 
of ball. The shaft behaviours obtained from the FEA closely matched the experimental results. Modelling the club 
shaft based on a vibration test was one of the effective ways. It is also important to represent the higher fidelity of 
the input conditions for the FEA, such as the motion and constraint of the grip, in addition to that of the geometry 
and material properties of the FE models, and the input conditions were suitable for the constructed model. 
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Fig. 7. Experimental and FEA results for the trajectories of markers on the shaft; (a) Swing A; (b) Swing B 
-1000 -500 0
-1000
-500
0
x-axis position [mm]
y-
ax
is 
po
sit
io
n
 [m
m
] e
d
c
b
a
 FEA
 Experiment
y
-1000 -500 0
-1000
-500
0
500
1000
x-axis position [mm]
y-
ax
is 
po
sit
io
n
 [m
m
]
edcba
 FEA
 Experiment
y
  Vin [m/s] α [degree] Vout [m/s] β [degree] ω [rpm] 
Swing A Experiment 16.8 10.2 27.7 8.1 825 FEA 17.1 10.4 29.3 9.6 728 
Swing B Experiment 20.8 10.6 33.7 8.9 1107 FEA 20.3 12.9 32.9 11.3 1161 
Table 1. Experimental and FEA results for the impact behaviours 
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